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FOREWORD
The mission of the U.S. Geological Survey (USGS) is to assess the quantity and quality of the earth resources of the Nation and to provide information that will assist resource managers and policymakers at Federal, State, and local levels in making sound decisions. Assessment of water-quality conditions and trends is an important part of this overall mission.
One of the greatest challenges faced by waterresources scientists is acquiring reliable information that will guide the use and protection of the Nation's water resources. That challenge is being addressed by Federal, State, interstate, and local water-resource agencies and by many academic institutions. These organizations are collecting water-quality data for a host of purposes that include: compliance with permits and water-supply standards; development of remediation plans for a specific contamination problem; operational decisions on industrial, wastewater, or water-supply facilities; and research on factors that affect water quality. An additional need for water-quality information is to provide a basis on which regional and national-level policy decisions can be based. Wise decisions must be based on sound information. As a society we need to know whether certain types of water-quality problems are isolated or ubiquitous, whether there are significant differences in conditions among regions, whether the conditions are changing over time, and why these conditions change from place to place and over time. The information can be used to help determine the efficacy of existing water-quality policies and to help analysts determine the need for and likely consequences of new policies.
To address these needs, the Congress appropriated funds in 1986 for the USGS to begin a pilot program in seven project areas to develop and refine the National Water-Quality Assessment (NAWQA) Program. In 1991, the USGS began full implementation of the program. The NAWQA Program builds upon an existing base of water-quality studies of the USGS, as well as those of other Federal, State, and local agencies. The objectives of the NAWQA Program are to:
Describe current water-quality conditions for a large part of the Nation's freshwater streams, rivers, and aquifers.
Describe how water quality is changing over time.
Improve understanding of the primary natural and human factors that affect water-quality conditions. This information will help support the development and evaluation of management, regulatory, and monitoring decisions by other Federal, State, and local agencies to protect, use, and enhance water resources.
The goals of the NAWQA Program are being achieved through ongoing and proposed investigations of more than 50 of the Nation's most important river basins and aquifer systems, which are referred to as study units. These study units are distributed throughout the Nation and cover a diversity of hydrogeologic settings. More than two-thirds of the Nation's freshwater use occurs within these study units and more than two-thirds of the people served by public water-supply systems live within their boundaries.
National synthesis of data analysis, based on aggregation of comparable information obtained from the study units, is a major component of the program. This effort focuses on selected water-quality topics using nationally consistent information. Comparative studies will explain differences and similarities in observed water-quality conditions among study areas and will identify changes and trends and their causes. The first topics addressed by the national synthesis are pesticides, nutrients, volatile organic compounds, and aquatic biology. Discussions on these and other waterquality topics will be published in periodic summaries of the quality of the Nation's ground and surface water as the information becomes available. 
ABSTRACT
The U.S. Geological Survey and the Washington State Department of Ecology cooperated in sampling 13 sites in 10 urban watersheds during 3 storms in King County, Wash., in the spring of 1998. Twenty-six of the 98 pesticides and transformation products sampled for were detected. Twenty-three of the 26 were pesticides (17 herbicides, 5 insecticides, and 1 fungicide), and 3 were transformation products. The pesticides dichlobenil, 2,4-D, MCPP, Diazinon, and pentachlorophenol were detected at all of the urban study sites.
Samples of 5 of 14 detected pesticides with maximum concentration limits exceeded those limits-the insecticides carbaryl, chlorpyrifos, Diazinon, Lindane, and Malathion. The concentrations of 3 of 11 pesticides with chronic aquaticlife criteria exceeded the limits-Lindane, Diazinon, and carbaryl.
Twelve pesticides detected in stream-water samples were sold in retail stores. Several of these pesticides-2,4-D, dichlobenil, Diazinon, and MCPP-were detected in all the sampled streams, possibly because of their high retail sales. Retail sales might also explain why other pesticides (such as prometon and triclopyr) are frequently detected.
Five pesticides were sold in retail stores but were not detected in stream-water samples-two insecticides (cw-permethrin and disulfoton), two fungicides (chlorothalonil and triadimefon), and one herbicide (pendimethalin).
The pesticides not sold in retail stores but detected in stream-water samples probably originate from applications to nonresidential areas (roadsides, playing fields, and parks) by local governments. Detected pesticides sold in a small number of units (prometon, triclopyr, MCPA) also may be from nonresidential rather than residential applications.
INTRODUCTION
Each year in the Puget Sound Basin, urban and residential areas are treated with a variety of pesticides. Storm-water runoff transports these pesticides to streams, sometimes causing pesticide concentrations to reach levels that may cause adverse ecological effects.
As the population of the Puget Sound Basin increases and urban and residential areas expand, pesticides will probably be used increasingly. However, understanding how pesticide usage affects water quality and potentially affects aquatic habitat can lead to managing pesticide applications better and minimizing potential adverse impacts on streams in urban watersheds.
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Purpose and Scope
This report presents the results of a study to assess the occurrence and concentrations of pesticides in urban stream-water sampled during spring storms and to infer sources of pesticides by sampling for 98 pesticides and pesticide transformation products during rain storms in April and May of 1998 at 13 sites in 11 watersheds in western King and Snohomish Counties; compiling sampling data into a database and examining where pesticides were detected;
examining the concentrations of pesticides in stream-water and comparing these concentrations with criteria for the protection of aquatic life set by the National Academy of Sciences and the National Academy of Engineering (NAS/NAE), the U.S. Environmental Protection Agency (USEPA), and other agencies; and comparing the sample data to pesticide sales data and land-use information to try to determine possible sources of pesticides found in stream water.
Description of the Study Area
This study was conducted in western King and south Snohomish Counties, both located in western Washington ( fig. 1) 
METHODS
The following section discusses USGS and Ecology methods for collecting and processing field samples, processing samples in the laboratory, and collecting pesticide retail sales data. 
Sample Collection and Processing
The USGS and Ecology cooperated in sampling 13 sites in 11 watersheds during storms in the spring of 1998. Streams were sampled during spring because it was believed that more pesticides would be detected and their concentrations would be higher than at other times of the year. This assumption was based on pesticide sales data from King County showing that pesticide sales were highest during the spring (Market Trends Incorporated, 1996) . From these sales statistics, it was assumed that these pesticides were being purchased for immediate use. It was also assumed that the number of pesticides detected and their concentrations would be the highest during storms. This assumption was based on previous sampling of Thornton Creek (sampled about 40 times from March 1996 through May 1998 showing that the number of pesticides detected and their concentrations often were higher during periods of storm runoff.
The study team determined that taking three samples per stream was the best compromise between characterizing pesticide concentrations in streams and staying within the study's budget. The study design specified collecting the three samples while the stream was rising during storms, thus capturing the storm runoff believed to carry the greatest amount of transportable pesticides. Figure 2 depicts the desired relation between the amount of discharge and the times when samples should be collected. As shown in this figure, the samplers should arrive while the stream is at base flow. As the flow in the stream increases slightly due to inflow from runoff, the first sample should be collected. Another sample should be collected as the flow continues to increase. Finally, the last sample is collected at the storm-runoff peak.
In this study, samples were collected within the watersheds during three storms. Table 2 shows the locations and dates. While three samples were taken at most of the study sites, varying storm intensity and the timing of the resulting storm runoff caused variations in the numbers of samples taken at some sites (figs. 3, 4, and 5). For example, two samples were taken at Lyon Creek, Thornton Creek, and South Fork Thornton Creek, and four samples were taken at Des Moines Creek and Little Soos Creek. Single samples were taken at Sunset Creek and Lewis Creek on April 10, 1997, because the storm failed to produce significant runoff. A single sample was also taken at the reference site, Rock Creek. A sample representative of the flow in the stream cross-section was obtained by mixing depth-integrated samples collected at equally spaced verticals across the stream in a glass carboy. Samples were collected using the U.S. DH-81 sampler as described by Edwards and Glysson (1988) and Shelton (1994) . The sampler holds a 3-liter Teflon sample bottle, and all parts of the sampler coming into contact with sample water are constructed of Teflon. All equipment used to collect and process samples was cleaned with a 0.2-percent nonphosphate detergent, rinsed with deionized water, rinsed with pesticide-grade methanol, air dried, wrapped in aluminum foil, and stored in a dust-free environment prior to sample collection (Shelton, 1994) . The composite sample in the glass carboy was split into individual samples for analysis at the USGS and Ecology laboratories using a Teflon cone splitter (Shelton, 1994) .
One of the split samples was filtered through a 0.7-um (micrometer) glass-fiber filter and passed through a C-18 solid-phase extraction (SPE) cartridge to extract pesticide compounds. The SPE cartridge was stored in amber pesticide-free vials at less than 4 degrees Celsius and shipped to the USGS National Water Quality Laboratory (NWQL) in Arvada, Colo. The equipment required and the procedures used to collect, process, and extract the sample using the SPE method are described in Shelton (1994) and Sandstrom and others (1992) .
Samples analyzed by Ecology's Manchester Environmental Laboratory were collected from the cone splitter in glass bottles, but were not filtered. They were stored on ice during transport to the laboratory in Manchester, Wash.
Three field blanks (one per storm) were collected for quality assurance of the stream-water samples. No pesticides were detected in the field blanks.
Laboratory Procedures
Samples were analyzed for 98 pesticides and pesticide transformation products, which required three different analytical methods. The USGS laboratory analyzed for several types of pesticides (Appendix A) using gas chromatography/mass spectrometry (Zaugg and others, 1995) . The Ecology laboratory analyzed for 73 chlorinated herbicides and nitrogencontaining pesticides (Appendices B and C). Chlorinated herbicides and nitrogen-containing pesticides were analyzed using Draft EPA Method 8085, which uses capillary column GC analysis with an atomic emission detector (AED) and ion-trap GC/MS confirmation (Davis, 1998) .
No analytes of interest were detected in any of the method blanks at the USGS and Ecology laboratories. Precision data were obtained for a set of replicate samples. Concentration differences ranged from 0.0 to 40.0 percent as measured by relative percent difference. No modifications were made to the data set based on these results. Surrogate recoveries for pesticide analysis by GC/MS indicate that the process was acceptably precise and accurate for the pesticide families represented. Quality-control methods for the USGS and Ecology laboratories are documented by Wagner and others, 1996 , and by Davis, 2000. There was some overlap of compounds analyzed by the USGS and Ecology laboratories, which provided additional quality assurance. In cases of overlap, the value reported by the USGS laboratory was included in the database for analysis because of lower reporting levels.
Data returned from the laboratories were aggregated into a database and analyzed by the USGS. The original data sets can be accessed at http:// wa.water.usgs.gov/ps.data.html.
Method for Collecting Pesticide Retail Sales Data
Data for 1997 pesticide sales were purchased by the King County Hazardous Waste Management Program from a firm that collects marketing information from home and garden stores in western Washington. All the large home and garden stores (nine stores) in western King County and one store in south Snohomish County were selected. The stores are widely distributed throughout the study area.
GENERAL WATER-QUALITY FINDINGS
The following section discusses the pesticides detected in stream-water samples and how the concentrations relate to criteria to protect aquatic life.
Pesticides Detected in Stream-Water Samples
Twenty-six of the 98 pesticides and transformation products sampled for were detected (table 3) . Three of the 26 compounds detected were transformation products of other pesticides (desethylatrazine is a transformation product of atrazine, 4-nitrophenol is a transformation product of methyl parathion, and 2,6-dichlorobenzamide is a transformation product of dichlobenil). In this report a transformation product is not counted as a detected pesticide because it cannot be directly related to the pesticide sales database. Of the 23 detected pesticides, 17 were herbicides, 5 were insecticides, and 1 was a fungicide. The herbicides 2,4-D, dichlobenil, MCPP, and prometon; the insecticide Diazinon; and the fungicide pentachlorophenol were detected at all of the urban sites. The watershed with the greatest number of pesticides detected (17) was Juanita Creek. The watershed with the least number of pesticides detected was Little Soos Creek, with eight pesticides detected. The reference site, Rock Creek, was sampled to show which pesticides would be found in stream water if urban development was absent. None of the pesticides studied were detected in Rock Creek. Table 4 lists the concentrations of pesticides and pesticide transformation products detected by watershed and sample. Figure 6 shows concentrations of detected pesticides and their relation to criteria to protect aquatic life. Criteria are not established for the transformation products. Fourteen of the pesticides detected in this study have maximum recommended concentration limits for the protection of aquatic life established by the National Academy of Sciences and National Academy of Engineering (1973) or the Ministers of Health Canada and Environment Canada (1995). The limits were exceeded in sample concentrations of five insecticides-carbaryl, chlorpyrifos, Diazinon, Lindane, and Malathion ( fig. 6) . Eleven of the pesticides detected in this study have chronic aquatic-life criteria recommended by Norris and Dost (1991) 
Pesticide Concentrations and Aquatic Criteria
X -compound was detected * -pesticide transformation product criteria indicate concentrations that may adversely affect aquatic organisms. However, the ecological effects in the streams sampled are unknown because the duration of exposure to the concentrations observed and the combined effects of many pesticides in stream water are unknown.
RELATING GENERAL WATER-QUALITY FINDINGS TO RETAIL SALES OF PESTICIDES
The following section discusses how pesticides sold in 10 home and garden stores located in urban and suburban areas in King and Snohomish Counties relate to pesticide detections in the study area watersheds.
The Retail Sales Database
In 1997, King County assembled a database of retail pesticide sales to study the pesticides that King County residents were purchasing and applying to their lawns and gardens. Sales data for 61 pesticides were obtained from 10 home and garden stores located in urban and suburban areas in King and south Snohomish Counties. It was assumed that the sales numbers represent pesticide sales throughout western King County because according to a 1996 survey of 1,200 King County residents (Market Trends Incorporated, 1996) , two-thirds of retail pesticide sales are from home and garden stores.
The measured quantity was a "unit" or package of active ingredient sold. Often two or more active ingredients are combined in a package of pesticide. For example, if a package contains the active ingredients 2,4-D and MCPP, these pesticides would be counted in the retail pesticide database as one unit sold of 2,4-D and one unit sold of MCPP. The total units sold from the 10 stores are shown in figure 7 .
Estimating the amounts of pesticides applied in watersheds was not possible because of two limitations in the 1997 retail sales data. First, the counted packages (units) varied in size and in concentration of active ingredients. Second, some active ingredients were not counted because only the first two active ingredients listed on a package were recorded into the database even though the product might contain several more active ingredients. One known instance is for the herbicide dicamba, which is listed as the third active ingredient in some products. However the number of packages (units) sold do indicate consumer preference and thus is some indication of how widely the active ingredient is used in residential areas.
The rest of this report compares data in the pesticide retail sales database with pesticides detected in the stream-water samples collected for this study. The studied pesticides are grouped in the following categories:
pesticides sold in retail stores and detected in stream-water samples, pesticides sold in retail stores but not detected, pesticides not sold in retail stores but detected, pesticides not sold in retail stores and not detected, and pesticides sold in retail stores but not sampled for.
Pesticides Sold in Retail Stores and Detected in Stream-Water Samples
Twelve pesticides detected in stream-water samples were sold in retail stores (table 5) . High retail sales of several of these pesticides probably contribute to their being detected. This assumption was made because the pesticides 2,4-D, MCPP, and Diazinon (which had the highest unit sales of the pesticides sampled for) were detected at 100 percent of the sampling sites. Figure 7 . Units of pesticide sold in 1997 at 10 home and garden stores located in western King and south Snohomish Counties (Market Trends, Incorporated, 1996) .
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Application of pesticides sold in retail outlets is a possible source of other frequently detected pesticides (such as dichlobenil and chlorpyrifos) that also have relatively high unit sales ( fig. 8 ).
Relating pesticide concentrations found in stream water to the number of units of pesticides sold in home and garden stores was not attempted because tracking the many factors that influence pesticide distribution, degradation, and transport was beyond the scope of this study. Although this study did not determine how pesticides sold in home and garden stores are related to concentrations in urban streams, it is a starting point to determine which pesticides are found in urban streams and to determine whether the detected concentrations are exceeding aquatic-health criteria. It is hoped that this report will suggest ideas for further studies.
Pesticides Sold in Retail Stores but Not Detected in Stream-Water Samples
Five pesticides were sold in retail stores but were not detected in stream-water samples (table 6). They include two insecticides (permethrin, 15,377 units sold, and disulfoton, 12,030 units sold), two fungicides (chlorothalonil, 1,289 units sold, and triadimefon, 410 units sold), and one herbicide (pendimethalin, 1,071 units sold). A plausible explanation for not detecting the insecticides is that they might not be widely distributed in the sampled watersheds. This is because insecticides tend to be applied to small areas of insect infestation, whereas herbicides are believed to be combined with fertilizer and applied to entire lawns periodically through the growing season. The fungicides have lower sales than the insecticides and are also believed to be applied to problem areas.
Pesticides Not Sold in Retail Stores but Detected in Stream-Water Samples
Pesticides not sold in retail stores but detected in stream-water samples (table 7) probably originate from applications to nonresidential areas. Detected pesticides with a relatively small number of units sold (prometon, triclopyr, MCPA-see table 5) also may possibly be from nonresidential rather than residential applications. It should be noted that detections of pesticides with little or no reported retail sales could still result, in part, from residential sales if one or more active ingredients mixed in the formulation were not reported. For example, dicamba, detected at nearly 40 percent of the study sites, is the third active ingredient listed in some combined fertilizer-pesticide products sold in home and garden stores. Also, pentachlorophenol was not shown in the database as being sold in retail stores, but it was detected in all the basins. It is a popular wood preservative. 1 Unit retail sales for these herbicides total to 140,000 units 2 Unit retail sales for these insecticides total to 66,000 units 3 Unit retail sales for these fungicides total to 1 ,700 units 
Pesticides Not Sold in Retail Stores and Not Detected in Stream-Water Samples
Sixty-six pesticides sampled for but not sold in retail stores were not detected (table 8) . For the most part, the fact that these pesticides were not sold or detected indicates little usage in urban watersheds. This conclusion is consistent with findings based on samples from 58 rivers and streams across the United States (Larson and others, 1996) . Several of the pesticides not detected in samples collected during this study were either not detected or detected infrequently in samples from urban streams across the United States. Examples are the herbicides terbacil and triallate and the insecticides azinphos-methyl and carbofuran.
Pesticides Sold in Retail Stores but Not Assessed
Sixty-one active ingredients were listed as sold in retail home and garden stores. Seventeen of the 61 were sampled for, leaving 44 pesticides (table 9) sold in retail stores but not sampled for.
Pesticides routinely analyzed at the USGS NWQL were selected because they are most frequently sold in the United States and are fairly easy to extract (Gilliom and others, 1995 
IMPLICATIONS OF THIS STUDY FOR FUTURE RESEARCH
This study is valuable as an exploratory study for future work in measuring pesticide concentrations in surface water and has many implications for further research. A weak relation was found between pesticide sales and some pesticide concentrations in stream water. This does not necessarily imply that pesticides are not being washed into the surface water. In fact, there are many intervening variables that could contribute to these weak relations, and these variables need further study before any definitive conclusions can be drawn.
In this study, it was assumed that most pesticides were purchased in the spring for immediate use. This might not necessarily be the case. Pesticides might be purchased in the spring for use throughout the spring and summer. If this is the case, sampling of surface water in the spring might measure only initial applications. It would therefore be interesting to study the concentrations of pesticides in surface water throughout the spring and summer to determine if any relations could be found.
This study serves as a general survey of pesticide concentrations during a limited time frame. However, not all pesticides are the same-they have different properties. Some pesticides are transformed faster in the environment than others. Pesticides also have different transport times and different solubilities in water. Again, a study that encompasses a larger time frame and that measures and analyzes each pesticide concentration within the context of its unique properties (such as transformation time, transformation products, and transport time) would be useful.
Future studies relating sales data to pesticide concentrations might also benefit from standardizing and quantifying unit sales, such as pounds of active ingredients. Unfortunately, for this study, unit sales could not be broken down into quantifiable units that could be compared across pesticides or meaningfully compared to pesticide concentrations found in surface water. Ranking pesticides by their toxicity to aquatic life would also help assess the relative environmental impact of pesticides. Future studies could focus on these problems in the data-collection phase.
SUMMARY
In Spring 1998, the U.S. Geological Survey and the Washington State Department of Ecology cooperated in sampling 13 sites in 11 watersheds during storms, when more pesticides and higher concentrations might be detected than at any other time of the year.
Ninety-eight pesticides and pesticide transformation products were sampled for at each site. The USGS used the 2010 laboratory schedule, and Ecology used the chlorinated herbicide and nitrogen-containing laboratory schedules.
Twenty-six of the 98 pesticides and pesticide transformation products were detected-23 pesticides (17 herbicides, 5 insecticides, and 1 fungicide) and 3 transformation products. The herbicides dichlobenil, 2,4-D, MCPP, the insecticide Diazinon, and the fungicide pentachlorophenol were detected at all of the urban study sites.
Five insecticides-carbaryl, chlorpyrifos, Diazinon, Lindane, and Malathion exceeded maximum concentration limits for the protection of aquatic life established by the National Academy of Sciences and National Academy of Engineering (NAS/NAE) or the Ministers of Health Canada and Environment Canada. Lindane, Diazinon, and carbaryl exceeded chronic aquatic-life criteria recommended by Norris and Dost, the U.S. Environmental Protection Agency, and others.
Sales data for 61 pesticides were obtained from 10 home and garden stores located in urban and suburban areas in King and south Snohomish Counties. Estimating the amounts of pesticides applied in watersheds was not possible because of two limitations in the 1997 retail sales data. First, the counted packages (units) varied in size and in concentration of active ingredient. Second, some active ingredients were not counted. However, the number of packages (units) sold did indicate consumer preference and thus is some indication of how widely the active ingredient is used in residential areas.
Twelve pesticides detected in stream-water samples were sold in retail stores. High retail sales of 2,4-D, MCPP, and Diazinon probably contributed to their being detected at 100 percent of the sampling sites. Application of pesticides sold in retail outlets was a possible source of other frequently detected pesticides (such as dichlobenil and chlorpyrifos) that also have relatively high unit sales.
Five pesticides sold in retail stores were not detected in stream-water samples-two insecticides (m-permethrin and disulfoton), two fungicides (chlorothalonil and triadimefon), and one herbicide (pendimethalin). Possibly they were not detected because some of them are relatively insoluble in water and are not likely to be transported in runoff. Alternately, some of them might not be widely distributed in the sampled watersheds.
Pesticides not sold in retail stores but detected in stream-water samples probably originate from applications to nonresidential areas. Detected pesticides with a small number of units sold (prometon, triclopyr, MCPA) also may be from nonresidential rather than residential applications. This study is valuable as an exploratory study for future work in measuring pesticide concentrations in surface water and has many implications for further research. A weak relation was found between pesticide sales and some pesticide concentrations in stream water. This does not necessarily imply that pesticides are not being washed into the surface waters. In fact, there are many intervening variables that could contribute to these weak relations, and these variables must further be studied before any definitive conclusions can be drawn. 
